Background: The incidence of esophageal adenocarcinoma (EAC) has increased five-fold in the United States since 1975. The aim of our study was to estimate future U.S. EAC incidence and mortality and to shed light on the potential drivers in the disease process that are conduits for the dramatic increase in EAC incidence.
Introduction
The vast majority of esophageal cancers are either squamous cell carcinoma (SCC) or adenocarcinoma (EAC). Although esophageal SCC incidence has been declining in the United States and other parts of the western world, EAC incidence has experienced an alarming 5-fold increase over the past four decades (1) . There is no consensus about the causes of this increase in EAC incidence, although an increasing prevalence of gastroesophageal reflux disease (GERD) related to increases in abdominal obesity (2) and wider eradication of Helicobacter pylori infection (3, 4) have been suggested, among others. GERD is a risk factor for Barrett's esophagus, a predysplastic condition associated with progression to EAC (5) . Current EAC prevention efforts have focused on endoscopic screening for Barrett's esophagus, although the benefit and effectiveness are uncertain (6, 7) . Recent analyses of historical trends in EAC incidence and mortality in the United States suggest that EAC incidence continues to rise, although the EAC incidence rate may be beginning to plateau in recent years (8, 9) . Projections of future EAC incidence and mortality would provide important data for health policy makers as they track cancer trends and plan appropriate cancer control policy. In this analysis, we utilized independent mathematical models in a comparative modeling approach to make future EAC incidence and mortality projections.
Mathematical modeling is a powerful methodology, which can be used to make projections by systematically integrating available data. Despite its potential, one common criticism of modeling is that independent modeling efforts often yield disparate results. These differences can primarily be attributed to differing model inputs and model structures, and often a lack of transparency in model assumptions, all impeding wider acceptance of simulation modeling results. The Cancer Intervention and Surveillance Modeling Network (CISNET) is a National Cancer Institute (NCI) funded consortium of mathematical and computational modelers who work closely together to address many of these limitations using a comparative modeling approach. Comparative modeling is a powerful method to improve each of the participating models by providing an environment where experts in modeling methodology, cancer control, and clinical management can easily and openly collaborate. This context allows for an iterative process where common calibration targets are shared but other aspects of the individual models are free to differ. After each model is calibrated and applied independently, the prediction targets are shared and analyzed cooperatively, providing a transparent setting for iterative improvement of the models, and enhancing our understanding of the natural history of a particular type of cancer. After model development and refinement, CISNET researchers can then use their models to evaluate the impact of potential interventions on trends in cancer incidence and mortality, helping to optimize cancer control strategies. CISNET models have been utilized by the U.S. Preventive Services Task Force for breast (10) and colorectal cancer (CRC) screening guidelines (11) , in formulating draft recommendations for lung cancer screening (12) , and by the Centers for Medicare and Medicaid Services (CMS) to compare the effectiveness of CRC screening strategies (13, 14) .
The CISNET consortium focuses on 5 cancer sites: breast, colorectal, lung, prostate, and esophagus. The esophagus group is composed of 4 academic institutions that have developed 3 independent models of EAC. Our 3 independent models were calibrated to historic EAC incidence and mortality rates between the years 1975 to 2010 for all males and all females from the Surveillance, Epidemiology and End Results (SEER 9) database (15) . After calibration, we compared the calibration results from the 3 models to reinforce each model's validity against the available data. Afterward, the models were used to generate independent projections of EAC incidence and mortality to the year 2030. We also generated the Barrett's esophagus prevalence, progression rates to detected cancer in patients with Barrett's esophagus, and average EAC sojourn time (time interval between preclinical EAC and clinically detected EAC); all are important underlying factors that may be subject to secular trends related to period and/or birth cohort. In modeling these trends, we had developed a better understanding of the observed increases in EAC incidence and mortality.
Materials and Methods

The models
We analyzed EAC incidence and mortality rates by using 3 mathematical models that were developed independently by participants in the NCI ' The primary differences between these models are in the modeling methodology. The FHCRC model is a biologic model based on the paradigm of initiation, promotion, and progression, where carcinogenesis comprises the accumulation of mutations and clonal expansion of partially altered cells on the pathway to malignancy ( Supplementary Fig. S1 ). The FHCRC model also combines likelihood and multiscale spatial simulation methods to represent health states as observation or detection processes built into a detailed tissue-and celllevel model of carcinogenesis (16, 17) . It also includes random transitions from normal esophageal tissue to Barrett's esophagus that occur with a rate, which reflects the prevalence of GERD in the general population (18, 19) . The mathematical construct of the model yields a numerical hazard function, which predicts the age-specific incidence of EAC and therefore was used for parameter estimation. In contrast, the MGH and UW-MISCAN models are empirically based simulations of natural histories. The MGH model is a Markov state transition simulation model, which simulates a cohort of hypothetical individuals and does not allow for disease regression ( Supplementary Fig. S4 ) (2, 20, 21) . The UW-MISCAN model is a microsimulation model using a discrete event formalism, which simulates individuals one at a time and also allows for disease regression in the health states before cancer ( Supplementary  Fig. S7 ).
Although the 3 models differ substantially in their modeling structure, they all generate predictions of incidence and mortality as a function of age and stage of EAC diagnosis.
Modeling of EAC trends
Mathematical models can be utilized to investigate the impact of shifting risk factor patterns on the population burden of cancer. Other CISNET cancer groups have modeled known risk factors, such as the Lung group that used historical smoking data to investigate the total number of lives saved between 1975 and 2000 as a result of the implementation of tobacco control policies (22) . Because EAC incidence has experienced a dramatic increase, it is imperative that our modeling incorporates the mechanism(s) that effectively shed light on the potential causes of this increase. The 3 CISNET groups opted to capture this increase using a generalization of the traditional ageperiod-cohort (APC) formalism (23) (24) (25) in which age, period, and cohort trends are applied to rates within the natural history model. The FHCRC group used likelihood methods to evaluate period and cohort trends affecting specific cell kinetic rates, including trends on Barrett's esophagus incidence. The MGH and UW-MISCAN groups varied the transition rates between health states in the models that depend on age, calendar year, and birth year of the cohort. The traditional APC models are loglinear models, which simultaneously analyze the age, period, and cohort effects in data from registries such as the SEER 9 Program. By replacing the age effects in the traditional APC approach with functionally constrained parametric models, we finesse a well-known "lineartrend" non-identifiability problem (26) (27) (28) , allowing us to explore both period and cohort effects jointly. These effects were estimated together with the age-dependent parameters (UW-MISCAN) or after the age-dependent parameters were established (MGH). For FHCRC, the period and cohort effects were calibrated jointly with estimation of the cell kinetic parameters and mutation rates in the EAC hazard function. For the details of modeling EAC trends in each model, see the Supplementary data and corresponding Supplementary Figs. S2, S3, S5, S6, and S8.
Common calibration targets
All 3 CISNET models were calibrated to EAC incidence rates from the SEER 9 program data for all men and all women ages 20 to 84 years in the United States from 1975 to 2010. Following the method in one of our previous analyses (8), the cancer incidence rates are composed of cancers defined/identified by the International Classification of Diseases for Oncology, third edition (ICD-O-3) histology codes 8140 to 8141, 8143 to 8145, 8190 to 8231, 8260 to 8263, 8310, 8401, 8480 to 8490, 8550 to 8551, 8570 to 8574, and 8576. Standard mortality statistics are not available for EAC because death certificates do not include the histology of the cancer. However, incidence-based mortality data in SEER utilize cancer registry information to link characteristics of the incident cancer (e.g., stage, histology) to individual death certificates (29) . The incidence and mortality rates generated by the models are also stratified by the SEER historic stages: localized (confined to primary site), regional (spread to regional lymph nodes), distant (cancer metastasized), and unknown (unstaged; ref. 30) . The MGH group opted to calibrate to incidence-based mortality rates along with the EAC incidence from SEER. The UW-MISCAN group used SEER stage-specific EAC survival data stratified by calendar groups, whereas the FHCRC group used SEER-specific survival rates stratified by gender and age groups, as model inputs to calculate the mortality rates. For the UW-MISCAN and FHCRC groups, the incidence-based mortality rates from SEER are used to validate their mortality outputs. All 3 models also use U.S. census data and projections for past (from 1975 onward) and future (up to 2030) population size (31) .
Model outputs
The primary endpoints or model outputs for this study were the projections of overall EAC incidence and mortality rates up to calendar year 2030. SEER incidence and mortality rates corresponding to the years 1975 to 2010 were organized by birth cohorts and used as model calibration targets. We also calculated the cumulative EAC deaths from 2011 to 2030, using national population projections from the United States Census Bureau (31) , to quantify the burden of disease on society. Other predictions included the average time between developing preclinical cancer and cancer diagnosis (EAC sojourn time) and the annual rate of patients diagnosed with Barrett's esophagus (without dysplasia or with LGD) progressing to clinically diagnosed EAC, to be compared with rates in the literature. These progression rates were calculated for age-at-diagnosis with Barrett's esophagus at age 60 and with 5 years of follow-up time. The cancer progression rate measures the percentage of patients with Barrett's esophagus who advance to EAC. Although the MGH and FHCRC models calculated the cancer progression rate as a prediction mainly based on fitting EAC incidence patterns, the UW-MISCAN model included calibration to progression rates of Barrett's esophagus patients with age-at-diagnosis at age 65 and average 5 year follow-up, averaged between calendar years 1990 to 2005 (0.18% for males, 0.08% for females). However, the estimated cancer progression rates from UW-MISCAN for the other values of age-at-diagnosis with Barrett's esophagus are model predictions. Additional intermediate outputs included the prevalence of GERD and Barrett's esophagus adjusted to the 2000 U.S. population. GERD and Barrett's esophagus are the 2 important precursor states of EAC. The existing literature reports a wide range of estimates on the prevalence of these 2 precursor states. As part of the comparative modeling method, we independently integrated the available evidence to produce estimates. The approaches to estimating these prevalence values among the 3 models are described in the Supplementary data.
Results
Calibration and projections of incidence and mortality rates
All 3 CISNET models were calibrated to individual birth-cohort incidence data from SEER. The EAC incidence and mortality rates for each cohort were aggregated to generate age-adjusted rates for the general population (age-adjusted to the 2000 U.S. Standard Population). The EAC incidence rates by calendar year until year 2010 for each birth cohort from the 3 independent models seemed to fit SEER 9 data well and seemed reasonably consistent with each other (refer to Supplementary Fig. S9) .
The male incidence rates by age until year 2030 for each birth cohort with projections from each model are shown in Fig. 1A to C. All 3 models project that the EAC incidence will continue to increase. For later birth cohorts, incidence results show that the incremental differences between birth cohorts has decreased, indicating a deceleration of the birth cohort effect. For females, the projected incidence rates from all models also showed increasing incidence rates by advancing birth cohorts ( Supplementary Fig.  S10 ). However, the trend in the incremental differences between birth cohorts was not as clear, likely because of the relatively low incidence rates for females with greater statistical variance of the estimated parameters resulting in model predictions with greater uncertainty. After aggregating the projections for all cohorts, the total EAC incidence and mortality rates between ages 20 to 84 years (age-adjusted to the 2000 U.S. population) were calculated and are shown in Fig. 2A to D . Despite the differences in approach and mathematical formalism between the 3 models, all 3 models yielded small variations in their model fits to SEER and projections to 2030 for total EAC incidence and mortality rates. The 3 models all projected an increase in EAC incidence and mortality until 2030. The ranges of incidence and mortality rates for all males in 2030 predicted by 3 models are 8.4 to 10.1 and 5.4 to 7.4 cases per 100,000 person years, respectively. These translate to a 7-to 10-fold and 7-to 8-fold increase in the EAC incidence and mortality rates, respectively, from 1975 to 2030. For all females, the future incidence and mortality rates in 2030 are estimated to be 1.3 to 1.8 and 0.9 to 1.2 cases per 100,000 person years, respectively. From 1975 to 2030, the increases in incidence and mortality rates for females will increase by 8 to 9 and 9 to 10 times. A closer look at the incidence rate stratified by stage-at-diagnosis revealed that the localized EAC incidence rates exhibited the slowest increases, followed by regional and finally, distant (Fig. 3A-C) . To quantify the impact on public health, we calculated the number of cumulative EAC cancer deaths estimated using our predicted mortality rates and population projections from the U.S. Census Bureau, summarized in Table 1 . The estimated cumulative cause-specific EAC deaths from males and females in the years 2011 to 2030 will be between 142,300 and 186,298 cases. Compared with the EAC deaths in the years 1991 to 2010, the predicted number of cumulative cases will approximately double. To separate out the effect of changes in demographic composition, we repeated the calculation using the 2000 U.S. Standard Population. Our results indicate that the cumulative EAC deaths in the years 2011 to 2030 will be 1.6 times more than those in the previous two decades.
Progression rate and prevalence of precancerous states
The rates of patients with Barrett's esophagus progressing to clinical EAC are shown in Fig. 4A and B. The results are shown for patients born between year 1915 and 1970 (these patients will be at age 60 between year 1975 and 2030) who were diagnosed with nondysplastic Barrett's esophagus or LGD at age 60 with 5 years of follow-up time. All 3 models suggested a strong birth cohort effect on the progression rates with increasing progression rates in younger birth cohorts until the cohorts born in 1940, followed by a leveling off in the cohorts born after 1940. For males born after 1940, the ranges of progression rates are 0.10% to 0.20% per person year. However, the 3 models predict that in contrast to males, progression rates for females have not yet leveled off. Fig. 5A to D show the prevalence of GERD symptoms and Barrett's esophagus for males and females generated by the 3 CISNET modeling groups. The 3 groups have varying estimates for GERD prevalence, but overall showed similar trends. The outputs of GERD prevalence from the 3 models remain relatively constant over time. For Barrett's esophagus prevalence, the FHCRC model predicted no change with calendar year, whereas Barrett's esophagus prevalence predictions from MGH and UW-MISCAN have increased over the past years.
EAC sojourn time
The EAC sojourn time is a useful concept to understand the nature of disease progression and detection. However, it is difficult to measure in clinical settings because it depends on unobservable events in the disease process (e.g., the appearance of preclinical cancer). The capacity of the models to predict this important time scale can be a strength and will help us to examine the impact of screening and specific interventions. Figure 6A and B show the EAC sojourn time as estimated from the 3 models; these estimates show considerable differences in spite of model calibration using the same SEER 9 data. The EAC sojourn time estimate from the UW-MISCAN group is relatively constant over birth cohorts. Meanwhile, the EAC sojourn time predicted by the MGH model shows an increase with advancing birth years. The FHCRC model predicted that the EAC sojourn time decreases with birth year. The average male sojourn times are 10.2, 7.1, and 4.9 years for FHCRC, MGH, and UW-MISCAN, respectively. For females, the average sojourn times are 13.3, 9.0, and 4.5 years for FHCRC, MGH, and UW-MISCAN, respectively. The variation between this secondary prediction from the 3 groups can thus be attributed to fundamental differences in model structure and model-specific constraints used to facilitate model calibration.
Discussion
Three independent mathematical models were calibrated to U.S. SEER 9 data, specifically the EAC incidence and incidence-based mortality rates from 1975 to 2010. The models were then used to generate incidence and mortality projections until the year 2030. Although the models differ considerably in structure and design, Figure 3 . The SEER and projected EAC incidence rates for all males stratified by stage at diagnosis are shown above. A, localized; B, regional; C, distant. Research.
on June 20, 2017. © 2014 American Association for Cancer cebp.aacrjournals.org Downloaded from from biologically based modeling at the cellular level to empirically based simulations of natural histories, the models' projections (excluding sojourn time estimates) are consistent with one another. Furthermore, all 3 models identify modification of cancer progression rates (modeled as a birth cohort effect) as an important driver of the observed temporal trends for EAC incidence and mortality. We believe that comparative modeling greatly benefits from an interdisciplinary, collaborative approach to cancer risk prediction, increasing the credibility of model projections and deepening our understanding of EAC epidemiology and natural history. We conclude that EAC incidence and mortality rates will likely continue to increase until 2030, although the rate of the increase seems to weaken with advancing birth cohorts. For the period from 2011 to the year 2030, we estimate that there will be between 142,300 and 186,298 cumulative EAC deaths in the United States, which is about double the number of EAC deaths that occurred between 1991 and 2010.
Several studies have reported the progression rates of patients with nondysplastic Barrett's esophagus to EAC. Hvid-Jensen and colleagues reported one of the lower rates of progression, 0.12% per person year to EAC among patients with nondysplastic Barrett's esophagus and LGD (32) . A meta-analysis by Desai and colleagues reported a progression rate of 0.33% per person year from Barrett's esophagus to EAC when only higher quality, more recent studies were included (33) . A frequently cited progression rate of 0.5% per person year was reported from a meta-analysis that attempted to adjust, using a funnel plot, for publication bias (34) . These reported progression rates range between 0.1% and 0.5% per person year and are consistent with our model estimates for younger cohorts.
The reporting of EAC sojourn time is rare in the literature. Previously, the MGH group had estimated that the range of sojourn times was between 4 and 9 years (35), which is in agreement with current results from both the MGH and UW-MISCAN groups. These sojourn time estimates are also consistent with a study, which suggested the time from endoscopically detectable esophageal cancer to clinical symptoms as on average 4 to 5 years (36) . The variability of EAC sojourn time estimates from 3 models can be attributed to the differences in the modeling approaches between research groups and inclusion or exclusion of additional calibration targets in addition to SEER 9 data. The 3 groups used different mathematical frameworks to model the disease progression of EAC. The UW-MISCAN model is a microsimulation model using discrete event formalism, the MGH model is a Markov transition state model, and the FHCRC group has developed a multiscale model that includes multistage clonal expansion processes and detailed spatio-temporal simulations of Barrett's esophagus screening outcomes. Additional differences included disease pathways that were unique to each group's model. For example, the UW-MISCAN model allows disease regressions before patients developing preclinical EAC, whereas the MGH model does not allow for such regressions. In contrast, the FHCRC model explicitly incorporates cell death and differentiation and thus allows for clonal extinction of precursor lesions including preclinical cancer. The longer FHCRC estimates are likely a consequence of defining preclinical cancers as clonal lesions of any size, including smaller and earlier malignancies such as intramucosal carcinoma that may be difficult to detect endoscopically.
Our study has several limitations. First, although there are some known risk factors associated with EAC, none seem dominant. We opted to model the trend in EAC incidence and mortality by varying the transition rates between health states (MGH and UW-MISCAN) and the biological parameters (FHCRC) using a generalization of the APC formalism. Thus, varying the transition rates as a proxy for changing risk factor trends did not allow us to investigate the etiology of EAC or to develop a cancer prevention and control policy to reduce the risk of developing EAC. However, the identification of cancer progression as an important driver of EAC trends may provide a focus for future investigation and possible interventions. We have developed a computational framework, which allows us to update the analysis as additional clinical evidence on the key risk factor(s) and their impact on EAC emerges. Second, all of our models depict the biological progression following a specific sequence: healthy, absence, or presence of GERD symptoms, Barrett's esophagus without dysplasia, Barrett's esophagus with dysplasia, preclinical cancer, and detected cancer. Although this is the commonly accepted paradigm for EAC carcinogenesis, all EACs may not follow this prescribed sequence or alternative pathways may exist within this paradigm adding heterogeneity, which the models do not capture (37, 38) .
Despite the limitations, our study has several strengths. We present incidence and mortality projections to 2030 using comparative modeling to investigate EAC trends in multiple birth cohorts. By modeling multiple cohorts separately, our models comprehensively capture incidence and mortality rates with changing age structures as different birth cohorts age. Our comparative modeling approach compares and contrasts the results from independently developed simulation and likelihood-based models using common calibration targets. The approach to resolve differences in model outputs is one of the benefits of comparative modeling, which has been used in other CISNET comparative modeling analyses. When differences are found, it provides the opportunity to pinpoint the source, which could be a result of error(s) in the model(s), or a consequence of fundamental lapses in knowledge surrounding the natural history of the disease. This approach provides a check for model validity but also the opportunity to identify and discuss gaps in knowledge. This iterative and in many aspects integrative process is perhaps the major strength of comparative modeling and the CISNET consortium, where preliminary model results can be discussed in an open and nonthreatening environment conducive to model enhancements that improve risk predictions and therefore credibility. A statistical analysis on EAC incidence between years 1973 and 2006 reported that the overall incidence may be plateauing in recent years (9) . A subsequent analysis that included 3 additional years of incidence data found that the EAC incidence rate continues to increase, although at a decelerating rate (8) . Our projections using 3 comprehensive computational cancer models also suggest that the incidence and mortality rates of EAC will continue to increase; however, the rate of increase seems to be slowing down for the younger male cohorts. In summary, we used a comparative modeling approach to examine U.S. population trends in EAC. The specific causes of the historical increase in EAC incidence and mortality remain unclear. However, our joint modeling of potential drivers behind the increasing incidence and mortality trends implicates an enhanced Barrett's esophagus-to-EAC progression as significant factor (Fig. 4A and B) , in addition to trends that may be driving up the prevalence of Barrett's esophagus in the U.S. population as predicted by the MGH and UW-MISCAN models (Fig. 5A-D) . The future projected increase in cumulative EAC deaths and incidence reflect a significant concern and burden to society. Our findings highlight the importance of public health and cancer control planning with potential interventions to curtail the projected EAC morbidity and mortality.
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